In this paper, the technique of radiogenic isotope tracers (Sr-Nd) will be adopted to discuss the generation of the continental crust of Japan. The tracers are in a way comparable to the genetic code (DNA) in biology. The continental crust comprises a variety of lithologic types; some of them represent "recycled" products of ancient crust, whereas others show "juvenile" character if they are produced by melting of mantle peridotites or remelting of mantle-derived rocks such as basalts or andesites. A terrane composed only of island arc or ophiolite assemblages has clearly a juvenile nature, but a terrane comprising essentially granitic rocks, like that of SW Japan or Transbaikalia, cannot be easily classified as juvenile or recycled. In this case, the isotope tracer technique is the most powerful tool in the determination of the proportion of the mantle component in the making of a continent.
While basaltic rocks are the most commonly used material in studies of the composition and evolution of the upper mantle, the genesis and evolution of the continental crust must be understood through studies of granitoids because they are generally produced by melting of the middle to lower crust, and hence serve as an excellent probe for the bulk of the continental crust. In the specific case of the Japanese Islands, only granitic rocks will be examined.
The source of data used in this paper is mainly from the literature (see Appendix 1), supplemented by new analyses on fourteen Late Cretaceous granitoids from the Sanyo Belt of SW Japan, two Miocene granitoids from the Shimanto belt of southern Shikoku and two Pleistocene granodiorites (Takidani Pluton) from the Japan Alps in north-central Japan (table 1) . The complete set of new chemical and isotopic analyses, as well as zircon age determinations, will be published separately in a paper dedicated to the petrogenetic study (Jahn and others, in preparation) . Only the Sr-Nd isotopic data (Appendix 1) will be used in this paper for discussion and illustration.
general geological and tectonic setting of the japanese islands
The Japanese Islands are composed mainly of subhorizontal nappe piles of an accretionary complex (AC) and their metamorphic equivalents with late Paleozoic to Cenozoic ages (Faure, 1985; Isozaki, 1996; Isozaki and Maruyama, 1991; Isozaki and others, 2010) . Japan is divided into several geologic units with broadly four periods of accretion: Permo-Triassic, Jurassic, Cretaceous and Tertiary (Faure and others, 1986; Taira and others, 1989; Isozaki and Maruyama 1991) . The accreted nappe-pile structures are best preserved and studied in SW Japan (for example, Faure, 1985; Faure and others, 1986) , so the present study deals only with the crustal evolution of SW Japan.
According to Maruyama and others (1997) , Japan originated from a rifted continental margin about 750 to 700 million years ago, when the South China Block rifted apart from the Neoproterozoic supercontinent Rodinia to open the PaleoPacific Ocean (Hoffman, 1991; Dalziel, 1992; Powell and others, 1993; Park and others, 1995) . Since the tectonic inversion from a passive continental margin to an active convergent margin at ca. 450 Ma, proto-Japan has grown asymmetrically oceanward for nearly 400 km across-arc, through successive subduction of the "Pacific plate," which included the Farallon, Izanagi-Kula, Pacific and Philippine Sea plates. It was in the Miocene that proto-Japan converted to an island arc isolated from mainland Asia through the opening of the Japan Sea.
At present, Japan is situated at the junction of four distinct plates: the Eurasian, Philippine Sea, Pacific and North American. The Eurasian plate includes SW Japan (western Honshu, Shikoku and Kyushu) and the Ryukyu Islands, whereas NE Japan and Hokkaido together belong to the North American plate. The Philippine Sea plate is subducting northwestwards at a rate of 4 cm/yr under SW Japan along the Nankai Trough and Ryukyu trench. The Pacific plate is subducting at a rate of 10 cm/yr beneath NE Japan, with its leading slab reaching a depth of 660 km under Beijing, China, as revealed by a tomographic study (Zhao and others, 2007 ; see also a review by Isozaki and others, 2010) . Within the main island (Honshu), NE Japan collided against SW Japan and formed a high mountain chain (elevation Ͼ2000 m) called the "Japan Alps." The mountain chain extends across the Honshu arc and is uplifting very rapidly since 2 Ma (based on our zircon U-Pb and fission track data; Jahn and others, in preparation). Two of our analyzed granitoid samples reported herein were collected from the Takidani pluton (or stock) of the Japan Alps ( fig. 1) .
The predominance of accretionary complexes and the association of detached continental fragments in Japan suggest that the Japanese Islands have developed mainly through convergence between oceanic and continental plates along active margins (Isozaki, 1997; Isozaki and others, 2010) . Isozaki (1996) stated that several major oceanic plates have subducted beneath the South China Block margin, leaving more than 10 distinct AC (accretionary complex) belts (now reduced to 9 AC belts, based on the latest reappraisal of the geotectonic framework of Japan, by Isozaki and others, 2010) . All the AC belts occur as thin subhorizontal fault-bounded geologic bodies, that is, nappes, and show a clear downward and oceanward younging polarity (Isozaki and Itaya, 1991; Isozaki and Maruyama, 1991) . Numerous oceanic fragments derived from subducted oceanic plates, including deep-sea sediments and seamount basalts and reef limestone, were accreted to Japan.
In the tectonic evolution of the Japanese Islands, the Permo-Triassic tectonics is regarded as most important because the basic framework of the Japanese orogenic belts was established and stabilized at that time (Isozaki, 1996) . The occurrence of Permo-Triassic tectonic units is well developed in SW Japan and the Ryukyu Islands. By contrast, Permo-Triassic rocks are rarely recognized in NE Honshu and Hokkaido, except the Hitachi-Takanuki Belt at the southern tip of NE Japan. Figure 1 shows two major components of the Permo-Triassic orogen in SW Japan: (1) the accretionary complexes and their high-P metamorphic equivalents, which were generated by subduction of the Farallon plate, and (2) the continent-continent collisional orogenic units, as represented by the Hida and Oki belts (Isozaki, 1996 (Isozaki, , 1997 . In the Ryukyu Islands, the high-P metamorphic AC on Ishigaki Island, close to Taiwan, represents the southwestern extension of the Permo-Triassic accretionary orogen in SW Japan.
The Median Tectonic Line (MTL) is a prominent strike-slip fault running through most of SW Japan. It divides SW Japan into two zones: the "Inner Zone" on the back-arc side, and the "Outer Zone" on the fore-arc side ( fig. 1 ). In the Outer Zone, the post-Jurassic accretionary complexes are arranged to show oceanward younging from the Cretaceous to Miocene (Taira and others, 1988) , and beyond to the present accretionary prism at the Nankai Trough. No collision-related Permo-Triassic units have been identified. The deep parts of the accretionary complexes are exposed as a low-pressure to high-pressure regional metamorphic belt, which includes the famous Sanbagawa Belt. The Sanbagawa Belt is generally non-eclogitic and consists mainly of meta-sedimentary rocks and mafic schists. Most meta-sedimentary rocks are pelitic to psammistic schists and phylites, with rare metachert (quartz schist) and calcareous schists. However, several eclogite bodies occur in the Besshi and Kotsu areas on Shikoku Island (Okamoto and others, 2000; Ota and others, 2004; Utsunomiya and others, 2011) . Conspicuous Miocene granitic rocks also occur on the Pacific side of SW Japan. These granitoids intrude into the Cretaceous and Tertiary accretionary complexes, and they were likely produced by remelting of the Shimanto accretionary complex (Stein and others, 1996; Shinjoe, 1997) .
In the Inner Zone ( fig. 1 ), Cretaceous to Paleogene granitoids are extensively distributed. Note that the majority of granitic intrusions were emplaced in the Cretaceous, and they intruded into the pre-Cretaceous accretionary complexes which include regional metamorphic rocks. The intrusive granitoids are associated with ). The two-stage model age (T DM -2) is obtained assuming that the protolith of the granitic magmas has a Sm/Nd ratio (or f Sm/Nd value) of the average continental crust (Keto and Jacobsen, 1987) .
, where fcc, fs, f DM ϭ f Sm/Nd are values of the average continental crust, the sample and the depleted mantle, respectively.
In our calculation, fcc ϭ Ϫ0.4
and f DM ϭ 0.08592 are used, and t ϭ the intrusive age of granite. To obtain meaningful model ages, T DM were calculated for samples with f(Sm/Nd) ranges from Ϫ0.2 to Ϫ0.6 (Wu and others, 2002) . co ϭ coarse, med ϭ medium, hb ϭ hornblende, bio ϭ biotite, gt ϭ garnet.
coeval rhyolites and ignimbrites even though much of this cover series has been eroded to expose the intrusive rocks. In addition, a few collisional belts, or nonaccretionary units (Hida and Oki belts, fig. 1 ), occur in the northern part, and they are composed of polymetamorphic gneiss and schist complexes, with Triassic (230 Ma) regional metamorphism of intermediate pressure facies (Komatsu, 1990) . Ishihara (1971) made a detailed study of the granitoids and associated ore deposits. He divided the Inner Zone into three metallogenic provinces, from south to north, a Barren, a Tungsten, and a Molybdenum Province (see also Ishihara and Murakami, 2006) . The three provinces correspond to the Ryoke, Sanyo and Sanin Belts as delineated by Murakami (1974) on the basis of granite petrography and age data. Subsequently, in a study of opaque mineral in the granitoids, Ishihara (1977) classified the Sanin Belt as belonging to the magnetite-series, whereas the two other belts belong to the ilmenite-series. The magnetite-series rocks contain higher Fe 2 O 3 /FeO ratios than the ilmenite-series rocks.
The lithological types in the Inner Zone are more extensive than granitoids and acid volcanic rocks alone. In fact, the Ryoke belt is a plutonic-metamorphic terrane that comprises unmetamorphosed pre-Cretaceous accretionary complexes with highlevel granites, as well as high-grade, but low P/T, metasediments with migmatites and separates the granitoiddominated terrane to the north from the Mesozoic-Cenozoic accretionary wedge to the south. The granitoid terrane is divided into three granitic belts (Ryoke, Sanyo and Sanin) based on the type of mineral deposits and oxygen fugacity (Ishihara, 1971) . New isotopic analyses were done on granitic rocks from the Sanyo Belt, a small granite pluton (or plug) at Kashiwajima on SW Shikoku Island, and the Takidani granodiorite of the Japan Alps. Their localities are given in table 1. The numerals in yellow circles correspond to the following literature data sources with the localities of study areas given in Appendix 1: (1) Arakawa (1990) , Arakawa and Shimura (1995) , (2) Arakawa (1989) , Arakawa and Shimura (1995) , (3) Fujii and others (2000) , (4) Iizumi and others (2000) , (5) Ishioka and Iizumi (2003) , (6) Kagami and others (1992) , (7) Kagami and others (2000) , (8) Morioka and others (2000) , (9) Nakajima and others (2004) , (10) Shinjoe (1997) , (11) Takagi and Kagami (1995) , (12) Terakado and Nohda (1993). 1216 Bor-Ming Jahn-Accretionary orogen and evolution of the Japanese Islands-
gneissic granites. Granitic rocks are dominant over metamorphic rocks. Based on the apparent along-arc variation of isotopic ages, it has been suggested that the Ryoke and Sanyo granitoids were produced by Cretaceous subduction of the Kula-Pacific ridge and that the magmatism migrated eastward with passage of the ridge along the SW Japan margin (for example, Nakajima, 1994) . However, such eastward migration of magmatic activities has not been verified. Isozaki and others (2010) described that the continental side of the MTL (ϭ Inner Zone) is composed of a 15 km-thick lower crust of unknown composition, a 20 km-thick granitic upper crust and thin roof-pendants of Paleozoic to Jurassic AC (ϩmeta-AC) units at the surface. These AC units are characterized by subhorizontal stacks of multiple fault-bounded units, previously recognized as "nappes," with a gentle dip towards the Eurasian continent.
sample descriptions
In this paper new Sr-Nd isotopic analyses (table 1) of samples, including granitoids, siltstones and cherts, are used in graphic representations. The collection of these samples was not systematic and different samples serve different purposes. The new data only supplement the existing large dataset in the literature used in this paper (see Appendix 1). The granitic rocks were collected by S. Ishihara from four plutons (Naegi East, Naegi West, Tanakami, and S. Okayama) of the Sanyo Belt, SW Japan. The age information was obtained from the literature. The Naegi granites were dated at 64 to 72 Ma (K-Ar mineral ages) by Ishihara and others (1988) . The Tanakami granites have K-Ar biotite ages of 73.3 and 74.7 Ma for the central part, but 67.9 Ma for the eastern part of the pluton (Sawada and Itaya, 1993) . For the granites of the Okayama area, a muscovite greisen from the Miyoshi mine was dated at 86.6 Ma by the K-Ar method (Ishihara and others, 1988) , whereas a whole-rock Rb-Sr isochron age of 84 Ma was obtained for the southern Okayama batholith (Kagami and others, 1988) .
Two hornblende-biotite granodiorite samples from the Takidani pluton of the Japan Alps and two biotite granites from the Kashiwajima pluton of SW Shikoku were also analyzed. The emplacement ages of these granitoids have been firmly established at 1.9 Ma for Takidani and 15 Ma for Kashiwajima by the SHRIMP zircon U-Pb method. The complete geochronological data (zircon U-Pb, zircon fission-track, biotite and K-feldspar Ar-Ar) will be reported in another paper (Jahn and others, in preparation) . The Takidani pluton is the youngest plutonic intrusive in the world. In addition, sedimentary rocks from the Shimanto Belt and a Jurassic to Triassic accretionary complex (Inuyama area) were also included for analysis. This was to test the source of the sediments from the "ocean plate stratigraphy," long considered to be the principal component of the accretionary complexes of Japan.
sr-nd isotope data
For the new samples, Sr and Nd isotopic compositions were analyzed at the University of Rennes 1 (France) and the Institute of Earth Sciences, Academia Sinica (Taiwan). In both laboratories the analyses were performed using two similar Finnigan MAT-262 Thermal Ionization Mass Spectrometers (TIMS). Mass fractionation was corrected against 86 Sr/ 88 Sr ϭ 0.1194 and 146 Nd/ 144 Nd ϭ 0.7219. All isotopic ratios were finally adjusted against the standard salts of NBS-987 Sr ϭ 0.710250 and La Jolla Nd ϭ 0.511860. The in-run precisions as shown in the analytical tables are expressed as 2 standard errors (2 sigma-mean), and they are approximately equal to 0.1 epsilon unit. However, the external precisions based on long-term duplicate analyses on standard salts yielded about 0.4 epsilon unit.
All the new and literature Sr-Nd data used in the present paper are summarized in Appendix 1 and further illustrated in figures 2, 3, 4 and 5. Figure 2 shows Sr ratios (I Sr value) indicate that the generation of granitic rocks must have involved a participation of much older rocks. That is, a significant proportion of Precambrian crust is required in the source regions for the generation of these granites. Although no Precambrian rocks have been identified in Japan, the presence of protoliths with Precambrian heritage in the middle to lower crust is strongly implied. Figure 3 illustrates the variation of initial 143 Nd/ 144 Nd ratios, expressed as ε Nd (T) values, in the granitic rocks of different ages. Note that the number of data points (table 1) ; others (1992, 1995) , Terakado and Nohda (1993) , Arakawa and Shinmura (1995) , Stein and others (1996) , Shinjoe (1997) , Ishioka and Iizumi (2003) , Takagi (2004) . All the data used in this figure can be found in table 1 and Appendix table. 1218 Bor-Ming Jahn-Accretionary orogen and evolution of the Japanese Islands-
is reduced to about a half of the Sr isotope data. However, the distribution of data points, with respect to the reference line of ε Nd (T) ϭ 0, form an impressive mirror image of the Sr isotope data ( fig. 2) . The majority of the data points show negative values. Granitic rocks with a large proportion of mantle component are expected to have positive ε Nd (T) values, as commonly observed in granitoids of the CAOB or ANS (see later sections), but this is not the case for SW Japan. The scenario shown in figure  3 indicates that most of the granitic rocks were derived by melting of protoliths with a large proportion of recycled crust of Precambrian age.
ε Nd (T) and I Sr values are commonly anti-correlated in most rocks. Figure 4 shows that the majority of granitoids from SW Japan fall in the fourth quadrangle of the ε Nd (T) vs ( 87 Sr/ 86 Sr) o (ϭI Sr ) diagram, which is segmented by two reference lines-a horizontal zero ε Nd (T) line (or CHUR, Chondritic Uniform Reservoir) and a vertical line of I Sr ϭ 0.7045 for Earth's primitive mantle (PM). The data array is very similar to that commonly observed for crustal rocks. Most mantle-derived mafic rocks and "juvenile" granitoids would reside in the second quadrangle, but only a few granitoids of SW Japan are found there. Granitoids of the Hida Belt are distinguished from the bulk of the Japanese granitic rocks and have Sr-Nd isotope compositions close to the reference point of the primitive Earth (ϭ intersection of the two reference lines).
The Sr-Nd isotopic characteristics of the Japanese granitoids indicate that they had a long crustal residence time. Figure 5 shows a plot of ε Nd (T) vs depleted-mantle- (table 1) , others (1992, 1993) , Arakawa and Shinmura (1995) , Stein and others (1996) , Shinjoe (1997) , Ishioka and Iizumi (2003) , Takagi (2004) .
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tapraid4/zqn-ajsc/zqn-ajsc/zqn01010/zqn2165d10a metzgerm Sϭ18 3/11/11 16:52 Art: based single-stage and 2-stage model ages (T DM -1 and T DM -2). The reason for using the 2-stage model age calculation is that some of the new analyses were obtained on highly differentiated granitic rocks with the lanthanide tetrad effect, which often leads to aberrant very large or negative model ages due to the increase of Sm/Nd ratios in the final stage of differentiation (Jahn and others, 2001 ). In figure 5, while the intrusive ages of the granitoids are younger than 250 Ma (shown by the yellow band), their model ages are much older, from ca. 700 to over 2000 Ma. This suggests that the protoliths of the granitoids contain a significant proportion of Precambrian crust. The scenario is much the same as that for the Cenozoic sedimentary rocks of Taiwan, to be illustrated in a later section.
discussion
Together with the Japanese Islands, the Central Asian Orogenic Belt (CAOB) and the Arabian-Nubian Shield (ANS) are three well-known "young" accretionary orogens formed in the Neoproterozoic or later. Therefore, a comparison between the three accretionary orogens in terms of their crustal development could be instructive. Numerous Sr-Nd isotopic analyses have confirmed that much of the crustal mass of the CAOB and ANS is juvenile, produced by melting of accreted island arc assemblages. The process may include melting of mantle peridotites (for basalts and andesites), remelting of mantle-derived basaltic and andesitic rocks, and/or fractional crystallization of basaltic and andesitic magmas (for granitoids). Juvenile crust has substantially contributed to the growth of the continent in the CAOB and ANS (Sengor and others, 1993; Stern, 1994 Stern, , 2002 Stern, , 2008 others, 2000a, 2000b; Kovalenko and others, 2004; Eyal and others, 2010) . 1220 Bor-Ming Jahn-Accretionary orogen and evolution of the Japanese Islands-
tapraid4/zqn-ajsc/zqn-ajsc/zqn01010/zqn2165d10a metzgerm Sϭ18 3/11/11 16:52 Art:
Comparison with the CAOB The Central Asian Orogenic Belt (CAOB) covers an immense surface area (ca. 5.3 million km 2 ) and spans from the Urals in the west to the Pacific coast in the east. It represents about 11 percent of Asia. NE China is also included even though most of it has been named as the "Manchurides" by Sengor and Natal'in (1996) . The Nd isotopic characteristics of granitoids from the different terranes of the CAOB are summarized and illustrated in figure 6 . NE China and Inner Mongolia.-In NE China, more than 350 granitic bodies were emplaced in the Great Xing'an (or Khinggan), Lesser Xing'an and Zhangguangcai Ranges, and mostly during Mesozoic times (Wu and others, 2011) . The granites are composed mainly of I-type and subordinate A-type granites (Wu and others, 2000 (Wu and others, , 2002 (Wu and others, , 2003a (Wu and others, , 2003b . They are accompanied by extensive Mesozoic and Tertiary acid volcanic rocks. Isotope tracer analysis and age determination of deep-drill cores from the Songliao Basin in central NE China revealed that the Basin is underlain by granitic rocks and deformed granitic gneisses of Phanerozoic age (Wu and others, 2001 ). Precambrian zircons have been identified, but they are substantially rarer (Wu and others, 2011) . Based on the time-space distribution of the granitic rocks, Wu and 
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others (2011) suggested that the Jurassic granites in the Zhangguangcai Range were probably related to Paleo-Pacific plate subduction, whereas the Early Cretaceous granites in the Great Xing'an Range resulted from delamination or extension of the previously thickened lithosphere.
In Inner Mongolia, several periods of granitic intrusion took place from Devonian to Jurassic times. The samples used in this study came from a Paleozoic anorogenic A-type suite (280 Ma; others, 1995, 1996) , an arc-related calc-alkaline magmatic belt composed of gabbroic diorite, quartz diorite, tonalite and granodiorite (SHRIMP zircon age ϭ 309 Ϯ 8 Ma, Chen and others, 2000) and a Mesozoic collision-type granitic suite comprising monzogranite (adamellite), granodiorite and leucogranite (Rb-Sr isochron age of 230 Ϯ 20 Ma; Chen and others, 2000) . Figure 6A shows that the majority (75%) of the samples have positive ε Nd (T) values. Most of the samples with negative ε Nd (T) values came from the Precambrian Jiamusi Massif (ε Nd (200 Ma) ϭ Ϫ7 to Ϫ12). Such a close relationship between the isotopic compositions of granitoids and the ages and nature of their intruded "basement" rocks is also demonstrated by the granitoids from northern Xinjiang (Hu and others, 2000) and Mongolia others, 1996, 2004; Jahn and others, 2004) . The lowering of the ε Nd (T) values was effected by the participation of old crustal rocks in their magma genesis. (Han and others, 1997; Chen and Jahn, 2002) , Alatau (Zhou and others, 1995) . (C) Data for Mongolia and Transbaikalia others, 1996, 2004) 
C O L O R
Xinjiang and Kazakhstan.-A variety of Phanerozoic granitoids occur throughout northern Xinjiang. As for the case of NE China, the majority of granitoids have positive ε Nd (T) values which suggest a dominance of the mantle component in the generation of these rocks ( fig. 6B ). This is particularly true for the granitoids from the E and W Junggar terranes (Zhao and others, 1993; Han and others, 1997; Chen and Jahn, 2004) . The Junggar Basin is covered by Cenozoic desert sands and thick continental basin sediments (Ն10 km) of Permian and younger ages. Drilling records indicate little deformation within the basin, suggesting stability of the basement at least since the Permian (Coleman, 1989) . The nature of the Junggar basement has been much debated; some consider that it represents a micro-continent with Precambrian basement (Wu, 1987) , whereas others regard it as trapped Paleozoic oceanic crust of various origins (Feng and others, 1989; Hsü, 1989; Coleman, 1989; Carroll and others, 1990) . Surrounding the Junggar Basin are exposed numerous ophiolites in the East and West Junggar terranes, as well as in its southern margin. These terranes can be appropriately referred to as "island-arc assemblages," and no rocks of Precambrian age have been documented. Coleman (1989) considered these terranes as oceanic arc assemblages, and compared them with those in the present western Pacific. Based on a trace-element and Sr-Nd isotopic study, Chen and Jahn (2004) concluded that the basement is most likely underlain by Early to Middle Paleozoic arc rocks and oceanic crustal assemblages that were trapped during the Late Paleozoic tectonic consolidation of Central Asia. This is consistent with the very young model ages ranging from 400 to 1000 Ma (400 to 600 Ma in a two-stage model) for the Junggar granites ( fig. 6B ).
Also shown in figure 6B , the granitoids emplaced in the Chinese Altai composite terrane show a wide range of isotopic composition and model ages (Hu and others, 2000; Wang and others, 2009) . A tight relationship between the isotopic compositions of granitoids and the nature of their basement rocks can be established. The Sm-Nd isotope study by Hu and others (2000) revealed that the basement rocks of the Altai and Tianshan were largely produced in the Proterozoic. The parallel manifestation of isotopic compositions and model ages between basement rocks and intrusive granites argues for the significant role of crustal "contamination" in the genesis of the Phanerozoic granitoids. An implication is that the presence of old Precambrian microcontinents is significant in the accretionary history of Central Asia (Kröner and others, 2007) . A more quantitative study on the proportion of the mantle component in the crust of the Altai Mountains was presented by Wang and others (2009) . Heinhorst and others (2000) undertook a comprehensive study of mineralization in association with a variety of magmatic rocks in east-central Kazakhstan. Although the types of mineralization (Au, Cu, rare-metal, or REE) may be related to a particular magmatic suite or a lithological variety, most granitic rocks have positive ε Nd (T) values irrespective of their bulk compositions and types of mineralization (Heinhorst and others, 2000) . The granitoids were intruded in several episodes: 450 and 300 Ma for magmatic suites with gold mineralization, about 300 Ma for granitoids with rare-metal mineralization, and ca. 250 Ma for A-type granites with REE mineralization. There is a slight tendency for an increase of ε Nd (T) with younger ages of the rocks. Single-stage model ages for all cases are between 400 and 1500 Ma.
Mongolia and Transbaikalia.- Figure 6C shows the Nd-Sr isotopic compositions of granitoids from the northern belt of central Mongolia to Transbaikalia. This area has been extensively studied by others (1996, 2004) . These authors delineated four isotope provinces (Precambrian, "Caledonian," "Hercynian," and "Indonesian"), which coincide with three tectonic zones of corresponding ages for the northern belt of the CAOB, and with one (Indonesian) in Inner Mongolia and NE China (Kovalenko and others, 2004) .
The Transbaikalian and northern Mongolian terranes roughly correspond to the "Barguzin" belt and "Caledonides" of Kovalenko and others (2004) . The Baydrag terrane is the only early Precambrian microcontinent containing granulitic and amphibolitic gneisses of Archean age. The Barguzin Belt and the Hangay-Hentey Basin are known to be "composite" terranes comprising Proterozoic and Phanerozoic formations. The Hangay-Hentey Basin is intruded by impressive amounts of Early Palaeozoic to Mesozoic granitoids. The granitoid belt extends to Transbaikalia and further to the Sea of Okhotsk.
As shown in figure 6C , the Phanerozoic granites emplaced into "Caledonian" and "Hercynian" provinces have positive ε Nd (T) values, suggesting their juvenile characteristics, whereas those intruded into the Baydrag and the composite terranes (Barguzin and Hangay-Hentay) show ε Nd (T) values from positive to negative, indicating variable contributions of Precambrian crust in the generation of the granitic rocks. Note that some Late Neoproterozoic to Early Palaeozoic granites (600-500 Ma) have ε Nd (T) values as high as ϩ10, suggesting their derivation from an almost pure depleted mantle component (ϭ100% basaltic and/or andesitic source).
Most plutons and batholiths of the CAOB have calc-alkaline characteristics typical of subduction zone magmatism, but the emplacement of voluminous granites of the alkaline and peralkaline series also deserves attention. Petrogenetically, these rocks are akin to the A-type granites, which are generally known to form in post-collisional extensional environments (for example, Jahn and others, 2009 ). Figure 6D summarizes the isotopic characters of this kind of granite from the CAOB. The majority of these rocks possess positive ε Nd (T) values; only a few show negative values. All of them have young model ages (T DM ) from 500 to 1300 Ma. This indicates that the source of post-accretionary granitoids in the CAOB is dominated by the mantle-derived component.
Comparison with the ANS
The Arabian-Nubian Shield (ANS) is well-known as one of the best examples for crustal growth in the Neoproterozoic. The crust of the ANS is essentially juvenile formed by protracted accretion of island arc terranes (Bentor, 1985; Stern, 1994 Stern, , 2002 Stein and Goldstein, 1996; Meert, 2003; Jarrar and others, 2003; Johnson, 2003; Johnson and Woldehaimanot, 2003; Stoeser and Frost, 2006; Stern and others, 2010) . Island arc accretion is thought to have ended in the ANS by ϳ700 Ma and was followed by continental collision at 640 to 650 Ma (Stern, 1994 (Stern, , 2002 , and references therein). The Late Neoproterozoic post-collisional stage of tectonomagmatic evolution of the ANS commenced at ϳ640 Ma. Transition from collision to extension occurred at ϳ600 Ma (Stern, 1994; Garfunkel, 1999; Genna and others, 2002; Jarrar and others, 2003) and was finally followed with a stable craton and platform setting (Garfunkel, 1999) . The evolution of the ANS (ϳ820 to 570 Ma) involved vast amounts of granitoid magmatism, thought to be well correlated with the changing tectonic setting (Bentor, 1985; Stern and Hedge, 1985; Bentor and Eyal, 1987; Kröner and others, 1990; Stern, 1994; Garfunkel, 1999; Moghazi, 1999 Moghazi, , 2002 others, 2003, 2008; Johnson, 2003; Johnson and Woldehaimanot, 2003; Katzir and others, 2007b; Stern and others, 2010) . Four stages of magmatic activity are recognized: (1) island arc magmatism including early medium-K calc-alkaline plutons (now gneisses) and metavolcanic rocks occurred at ϳ820 to 740 Ma; (2) late syn-collisional medium-to high-K calc-alkaline granitoids and gabbro that bear evidence for penetrative deformation and low-grade metamorphism intruded at ϳ670 to 635 Ma; (3) the most voluminous post-collisional (undeformed) high-K calk-alkaline gabbro-granodiorite-granite suite formed at ϳ640 to 610 Ma; and (4) within-plate alkaline and peralkaline granite suites preceded by intensive bimodal volcanism at ϳ600 to 550 Ma. Eyal and others (2010) recently conducted a petrological and geochemical study of 27 calc-alkaline and alkaline plutons/complexes and one dike swarm from the Sinai Peninsula, in the northern part of the ANS. Granites of the alkaline suite were studied in 16 plutons ranging in size from 1 to 400 km 2 , some of which are central plutons in ring complexes. The most celebrated example is the Katherina ring complex (Katzir and others, 2007a) , in which granite is intrusive into volcanic rocks and ring dikes and often shows miarolitic texture, indicating crystallization at shallow depth. The majority of alkaline plutons are composed of syenogranite, alkali feldspar granite and peralkaline granite. The granitoids from the northern ANS were emplaced during the period of ca. 750 to 550 Ma. The available Sm-Nd isotope data indicate that all the rock types are characterized by positive ε Nd (T) values with no exception (figs. 7A, 7B, 7C, and 7D). Two-stage model ages vary from ca. 860 to 1200 Ma for the calk-alkaline suite, and from ca. 800 to 1100 Ma for the alkaline suite. Single-stage model ages are quite similar to the two-stage model ages, suggesting that f Sm/Nd values for most rocks are close to that of the average continental crust (ca. Ϫ0.4). The Nd model ages suggest that little Archean or early Proterozoic rocks exist in the lower to middle crust of the northern ANS. This inference is supported by the U-Pb dating of individual zircon grains from various plutonic rocks (Be'eri-Shlevin and others, 2009). The petrogenesis and sequence of emplacement for the alkaline and post-collisional granitoids from the Sinai Peninsula have been discussed in detail by Eyal and others (2010) .
Comparison Between Japan, CAOB and ANS
The distinction in Nd isotopic composition between the granitoids formed in the three classic accretionary orogens (Japan, CAOB, and ANS) is clearly demonstrated. The entirely positive ε Nd (T) values for the ANS granitoids suggest that they were produced by partial melting of mantle-derived protoliths with little contribution from much older rocks. More specifically, granitoids were generated by differentiation of mantle-derived dioritic magma in the early stage of arc formation; by remelting of mantle-derived arc rocks in later stages, with only very small amounts of PreNeoproterozoic crustal component; and by remelting of underplated basic rocks in post-orogenic stages.
The dominance of positive ε Nd (T) values for the CAOB granitoids indicates that most granitoids are "relatively juvenile," and that others have witnessed a greater contribution from Archean to early Proterozoic micro-continents, hence producing granitoids with negative ε Nd (T) values. By contrast, the granitoids from SW Japan have dominantly negative ε Nd (T) values and relatively high initial 87 Sr/ 86 Sr ratios (Ͼ0.707), suggesting involvement of a significant amount of recycled crustal rocks. Their formation and emplacement in Japan do not imply a net growth of the continental crust. If the granitoids were derived by partial melting of accreted terranes, it suggests that the essential component of the accreted material is recycled crust of ultimately Precambrian derivation. In fact, abundant clasts of Proterozoic granites and gneisses (up to 1.8 Ga of age) were found in the Jurassic conglomerate of the Mino-Tanba accretionary complex (Shibata and Adachi, 1974) . Maruyama (1997) hypothesized that the most important cause of the orogeny in SW Japan is the subduction of an oceanic ridge, by which the continental mass increases through the transfer of granitic melt from the subducting oceanic crust to the orogenic belt. The present analysis of Sr-Nd isotopic data does not support such a hypothesis.
Comparison with SE China and Taiwan
While the Nd isotopic characteristics of the Japanese accretionary orogen can be distinguished from those of the CAOB and ANS, they are surprisingly comparable with that of well-known "collisional orogens," such as the Caledonides and Hercynides of western Europe others, 2000a, 2000b; , the Paleozoic to Mesozoic orogens of SE China, and the Cenozoic orogen of Taiwan. Chen and Jahn (1998) made a synthesis of the crustal evolution in SE China based on extensive Nd and Sr isotopic data compiled from the pre-1998 literature for intrusive granitoids, volcanic, sedimentary and metamorphic rocks from three major tectonic units of SE Beyth and others, 1994; Stein and Goldstein, 1996; Mushkin and others, 2003) . (B) SW Jordan (Jarrar and others, 2003) .
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China: Dabie, Yangtze and Cathaysia. In the present compilation, literature data published since 1999 are included with the pre-1998 data. The combined data are illustrated in figure 8. Phanerozoic granitoids from SE China were emplaced from about 470 to 80 Ma, and are characterized by negative ε Nd (T) values from Ϫ17 to about 0, with a few exceptions ( fig. 8A ). The granitoids have depleted-mantle-based model ages (T DM ) of 500 to 2800 Ma, but are mainly in the range of 1000 to 2200 Ma (fig. 8B) . The model age data indicate that the most important crustal formation events took place in the Proterozoic, possibly with a very minor proportion produced in the Late Archean. I defend this statement even though an increasing number of Archean zircon grains have been identified in recent years in the Yangtze craton (for example, Zheng and others, 2006; Zheng and Zhang, 2007) . In summary, the crustal evolution in SE China, including the Yangtze Craton and Cathaysia, is distinctly different from the Archean-dominated North China Block (Chen and Jahn, 1998) . Interestingly, the ranges of ε Nd (T) and T DM are very similar to those of the Hercynian and Caledonian belts in Europe others, 2000a, 2000b; .
The island of Taiwan is geologically young. The oldest rocks are the marble sequences from the Tanan'ao Complex in the east and from the "Peikang High" in the west of the island, which were dated at about 250 Ma using their Sr isotopic compositions and the Pb-Pb isochron technique (Jahn and others, 1992) . Granitic intrusions are rare. A few small plutons of Cretaceous granitoids were emplaced in the Tanan'ao Complex, whereas a small Jurassic granite stock occurs within the schist belt of the southern Central Range (Yui and others, 2009 ). The mountain belts were formed by the collision between the Eurasian and the Philippine Sea plates. A close geological correlation between Taiwan and SE China has long been established using geochronological and geochemical data of the Mesozoic granitoids and the Late Permian carbonates (Jahn and others, 1986 (Jahn and others, , 1990 (Jahn and others, , 1992 Lan and others, 1996 Lan and others, , 1997 Lan and others, , 2002 Lan and others, , 2008 Chen and Jahn, 1998; Yui and others, 2009) . Figure 9 summarizes the Nd isotopic composition and model ages of granitoids and metasedimentary rocks from Taiwan. The main figure is a plot of ε Nd (T) vs one-stage model age (T DM -1), whereas the inset is a plot of ε Nd (T) vs two-stage model age (T DM -2). In both representations, the ε Nd (T) values are shown to vary from zero to Ϫ16, except for four analyses of the Early Jurassic granites (191 Ma) from Taiwan (Yui and others, 2009) . Single-stage model ages vary from 700 to 2000 Ma. This scenario is surprisingly similar to that of SW Japan (fig. 5 ). The Sm-Nd isotopic data of sedimentary rocks from Japan and Taiwan are shown in figure 10 for comparison. In this figure, lines radiating from the depleted mantle reference point (DM) represent calculated model ages (T DM ). The model ages of sediments from Taiwan range from ca. 1200 to 2300 Ma, whereas those from Japan show a wider range from 700 to 2600 Ma. The younger model ages of Japan indicate that these sedimentary rocks contain a higher proportion of the mafic component from the "ocean plate stratigraphy." Nevertheless, the dominance of model ages between 1200 to 2500 Ma suggests that the sedimentary rocks represent recycled Precambrian protoliths. Note that recent zircon geochronology of the Cenozoic sedimentary rocks in Taiwan has revealed many zircon grains of Archean age (Shao and others, 2010) . In fact, the Cenozoic accretionary wedge of Taiwan is dominated by sediments of Cathaysian derivation.
tectonic implications
Since the early Paleozoic, westward subduction of the Paleo-Pacific plate has governed the tectonic evolution of the eastern Eurasian margin by building wide belts of accretionary wedge along trench and plate-marginal volcanic-plutonic belts (Isozaki, 1996 (Isozaki, , 1997 Kimura, 1997; Maruyama, 1997; Maruyama and others, 1997; Isozaki and others, 2010) . In the preceding sections, only SW Japan was discussed because the pattern of crustal growth of the Paleozoic to Mesozoic accretionary complexes is best exemplified in SW Japan, due to the rapid Quaternary uplift and erosion of the Cenozoic cover. SW Japan is composed, from the continental side to ocean, of nine accretionary complex units (Oeyama, Renge, Akiyoshi, Suo, Ultra-Tanba, Mino-TanbaChichibu, Sanbagawa, Northern Shimanto and Southern Shimanto belts (Isozaki and others, 2010) . The units have almost the same rock assemblages of the "ocean plate stratigraphy," including MORB-type basalt, chert, hemipelagic mudstone, limestone, turbidite or sandstone and conglomerate. The ocean plate stratigraphy records the history of sedimentation on the ocean floor as it travels from a ridge to a trench. In the scheme of tectonic evolution presented by Isozaki (1996) and Maruyama (1997) , Mesozoic granitoids appear to be generated by melting of the subducted oceanic crust (see fig. 11 ), or produced in the middle to lower crust apparently overlain by the accretionary complexes. However, it is not clearly shown whether the protoliths of the granitoids were the accretionary complexes or the old Yangtze lower crust. The idea of slab melting for the genesis of the vast amounts of granitic rocks (Maruyama, 1997) was deemed unlikely from the present analysis.
The revelation of the dominantly Precambrian heritage for granitoids of SW Japan is critical to the tectonic reconstruction of the Japanese Islands. An important question is why, in terms of the Sr-Nd isotopic compositions, the Japanese accretionary orogen is so different from other accretionary orogens, such as the CAOB and ANS. By contrast, the accretionary orogens of SW Japan are more comparable with the 1230 Bor-Ming Jahn-Accretionary orogen and evolution of the Japanese Islands-
collisional orogens in SE China, Taiwan, and even the European Caledonides and Hercynides. On the other hand, the similarity of isotopic signatures between Japan and SE China supports the models of tectonic evolution and paleogeographic position of proto-Japan proposed by Maruyama and others (1997) and Sengor and Natal'in (1996) . Both models proposed that the Pre-Cenozoic accreted terranes were developed along the continental margin of SE China ( fig. 11 ). According to Maruyama and others (1997) , the Ryoke low P/T and the Sanbagawa high P/T belts, as well as the Shimanto accretionary complex, began to develop close to the present coast of SE China in the Late Cretaceous (ca. 90 Ma). In the model of Sengor and Natal'in (1996) , the South Japan microcontinent was initially separated from SE China (near Fujian) in the Early Jurassic (ca. 160 Ma). By 145 Ma, at the Jurassic/Cretaceous boundary, the constituent terranes of the microcontinent began to migrate northeastwards by transpression. They arrived and docked at the Eurasian margin to the east of the "Manchurides" in the Oligocene. The Japan Sea was later opened and thus rearranged and formed the essential framework of the present Japanese Islands.
If the two models as described above are accepted, the similar Nd isotopic signatures between SW Japan, SE China and Taiwan can be satisfactorily explained. The terranes or tectonic units of SW Japan were thus initially formed at the continental margin of SE China. Since they are part of the South China Block, the granitoid formation and crustal evolution in SW Japan must have shared the same processes and (Kagami and others, 2006) are more scattered than the data for Taiwan. The "young" sediments (500-1000 Ma) of Japan are likely to contain more materials from the ocean plate stratigraphy, such as siltstones from the early Tertiary accretionary complex of the Shimanto Belt in southern Shikoku.
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tapraid4/zqn-ajsc/zqn-ajsc/zqn01010/zqn2165d10a metzgerm Sϭ18 3/11/11 16:52 Art: conserved similar isotopic signatures. Using the age information, Sr-Nd isotopic signature and geochemical data of the end-Permian marble sequence and Cretaceous granitoids of the Tanan'ao Complex, Jahn and others (1992) hypothesized that the paleogeographic position of proto-Taiwan was situated to the south of Guangdong Province. This hypothesis has later been supported by an exhaustive monazite age study of the Tertiary sandstones of Taiwan (Yokoyama and others, 2007) , and a zircon age study of Early Tertiary andesite and rhyolite (Chen and others, 2010) . Because the crustal and tectonic development of SW Japan and Taiwan took place in the proximal SE part of the South China Block, their sharing of Sr-Nd isotopic characteristics is clearly explained.
conclusions
In a recent review on accretionary orogens, Cawood and others (2009) stated that accretionary orogens form at intraoceanic and active continental margin plate boundaries. They include the supra-subduction zone forearc, magmatic arc and back-arc components. They further separated accretionary orogens into retreating and advancing types. The case of Japan is of the retreating type. Similarly, in a discussion on tectonic models for accretion of the Central Asian Orogenic Belt, Windley and others Fig. 11 . Paleogeographic reconstruction of Late Cretaceous Japan at ca. 90 Ma (Maruyama and others, 1997) . Note that the Ryoke granitic belt, the Sanbagawa high P/T schist belt and the Shimanto accretionary complex were developed along the continental margin in proximity of SE China. The cross-section depicts a "transfer" of granitic magmas from the subducting slab or melting of the lower crust and possibly the accretionary complexes.
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tapraid4/zqn-ajsc/zqn-ajsc/zqn01010/zqn2165d10a metzgerm Sϭ18 3/11/11 16:52 Art: (2007) summarized that the CAOB was formed by accretion of island arcs, ophiolites, ocean islands, seamounts, accretionary wedges, oceanic plateaux and microcontinents in a manner comparable with that of circum-Pacific Mesozoic-Cenozoic accretionary orogens. In both syntheses, accretionary orogens appear to consist dominantly of rocks of mantle origin; hence granitoids derived by remelting of these rocks are generally "juvenile." This is generally true for the CAOB and ANS.
However, the present study argues that accretionary orogens could be distinguished by the nature of the accreted lithological assemblages. Orogens with dominantly island arc assemblages would witness generation of granitoids with juvenile characters. This is best exemplified by the granitoids of the ANS and many parts of the CAOB. By contrast, orogens with accretionary complexes with a large proportion of recycled Precambrian crust relative to mantle-derived rocks would produce granitic rocks with a more crustal signature. This is represented by the Japanese Islands. The Sr-Nd isotopic compositions of Japanese granitoids shown in figures 2 to 5 indicate that the source regions varied from dominantly mantle-derived rocks to an assemblage with a large proportion of recycled Precambrian crust. This implies that the proportion of eroded Precambrian crust in the trench to the ocean plate stratigraphy was very variable in the subducted accretionary complexes during the Mesozoic. Alternatively, the accreted fragments, including MORB, basalts of seamounts and ocean plateaux, have not significantly participated in the generation of granitic magmas.
In conclusion, accretionary orogens can be distinguished by the nature of accreted lithologic assemblages. The Arabian-Nubian Shield contains the highest proportion of mantle-derived rocks, or island arc suites, and juvenile granitoids. SE Japan shows the opposite scenario. Though the CAOB was mainly developed through accretion of island arcs, it also contains accreted Precambrian continental fragments. This is well demonstrated by the isotopic compositions of granitoids from west-central Mongolia (Jahn and others, 2004; Kovalenko and others, 2004 ) and the Chinese Altai Mountains (Hu and others, 2000; Wang and others, 2009 ). Finally, this study demonstrates that, despite the well-documented accretionary complexes (Isozaki and others, 2010) , the generation of extensive granitoids in SW Japan was probably dominated by remelting of Precambrian crustal sources underlying the "thin" roof-pendants of accretionary complexes (Isozaki and others, 2010) . The oceanic component of the "ocean plate stratigraphy" has not participated to a significant amount in the production of the continental crust in SW Japan. On the other hand, the isotopic data support the idea that proto-Japan was initially developed along the southeastern part of the South China Block, as advocated by several authors (Isozaki, 1996 (Isozaki, , 1997 Sengor and Natal'in, 1996; Maruyama and others, 1997; Isozaki and others, 2010) . 
